ABSTRACT: Background: Pedunculopontine nucleus (PPN) has complex reciprocal connections with basal ganglia, especially with internal globus pallidus and substantia nigra, and it has been postulated that PPN stimulation may improve gait instability and freezing of gait. In this meta-analysis, we will assess the evidence for PPN deep brain stimulation in treatment of gait and motor abnormalities especially focusing on Parkinson disease patients. Methods: PubMed and Scopus electronic databases were searched for related studies published before February 2014. Medline (1966Medline ( -2014, Embase (1974Embase ( -2010, CINAHL, Web of Science, Scopus bibliographic, and Google Scholar databases were also searched for studies investigating effect of PPN deep brain stimulation in treatment of postural and postural instability and total of ten studies met the inclusion criteria for this analysis. Results: Our findings showed a significant improvement in postural instability (p < 0.001) and motor symptoms of Parkinson disease on and off medications (p < 0.05), but failed to show improvement in freezing of gait. Conclusions: Despite significant improvement in postural instability observed in included studies, evidence from current literature is not sufficient to generalize these findings to the majority of patients.
Mobility disability and falls are the most important causes of morbidity and mortality in Parkinson disease (PD) patients. 1, 2 Unlike the general population, the majority of falls in PD patients occur during routing walking, turning, and stopping, 3 and up to 40% of PD patients have multiple falls resulting in injury, including hip and wrist fractures. 4 Despite their importance, both gait disorders and freezing respond poorly to levodopa and subthalamic nucleus (STN) stimulation, 5, 6 and effective antifall physical therapy interventions remain an unmet clinical need. It is speculated that postural instability results from damage of nondopaminergic systems, such as the mesencephalic locomotor region. 7, 8 The pedunculopontine nucleus (PPN) is a brainstem locomotor center that degenerates in PD. 9, 10 PPN has complex reciprocal connections with basal ganglia, especially with internal globus pallidus and substantia nigra, 11 and sends profuse ascending thalamic projections that control thalamic activity and pass to the striatum, as part of the subcortical-thalamus-basal gangliasubcortical loop. 9, 12, 13 PPN severely degenerates in PD, 7, [14] [15] [16] [17] and its dysfunction is associated with dopamine-resistant severely disabling features of PD. 10, 18 In recent years, PPN has been targeted for deep brain stimulation of PD patients suffering from severe gait disorders. Although converging clinical experiments suggest that PPN deep brain stimulation (DBS) may provide benefits, reported studies have been characterized by variable patient inclusion criteria, electrode positioning, and interpretation of outcomes.
Meta-analysis is being used increasingly to combine results from multiple research studies to produce a summary estimate of the treatment effect. Meta-analysis is particularly useful when small number of subjects was enrolled in each of the trials because it can improve the analytic power of the studies by evaluating the collective body of evidence. To the authors' knowledge, there has been no reported systematic review or meta-analysis of efficacy and safety of PPN DBS in PD patients. This article reports for the first time a meta-analysis of efficacy and safety of PPN DBS studies on gait and postural disorders.
MATERIALS AND METHODS

Criteria for Inclusion in This Meta-Analysis
All randomized, nonrandomized, and experimental trials comparing PPN DBS patients with control were considered for inclusion in this study, as were case series and uncontrolled studies with on and off stimulation conditions.
Primary and Secondary Outcome Measures
Our primary outcome was changes in postural instability and gait disturbances rating scales used by the included studies. In majority of studies Unified Parkinson Disease Rating Scale (UPDRS) III items 27 to 30 has been our primary measure of outcome. Secondary outcomes for this study were changes in the motor section (part III) of the UPDRS and reported postsurgical complications as well as freezing of gait (measured in most studies using UPDRS II item 14).
Search Methods for Identification of Studies
Electronic Searches
References were identified by search of PubMed and Scopus electronic databases published before February 2014. Medline , Embase (1974 Embase ( -2010 , CINAHL, Web of Science, Scopus bibliographic, and Google Scholar databases were also searched for studies investigating effect of PPN DBS in treatment of PD-related postural and postural instability. Reference lists of the retrieved trials and review articles were manually inspected for cross-references. Conference abstracts and unpublished data were excluded. MeSH terms and text words were searched for deep brain stimulation, DBS, pedunculopontine nucleus, PPN, Parkinson's disease, and PD.
Data Collection and Analysis
Two authors (LG, BE) independently reviewed the articles for the quality and validity of the trials. Data on the study protocols used, technical parameters, sample size, and trial duration and outcomes were extracted, and results were summarized in a standard summary data sheet. Disagreements were resolved by discussion and consensus between reviewers. The characteristics of the included studies are shown in Table 1 . Both reviewers also assessed the studies for risk of bias in blinding and allocation and scored the quality of included studies using a critical appraisal toolkit. 19 In this study, all of the included scales point in the same direction: lower scores indicate improvement and higher scores represent deterioration of parkinsonism, gait, or instability.
Assessment of Heterogeneity
The Cochran Q and I square inconsistency tests were used to examine heterogeneity. A statistically significant Cochran Q may indicate a problem with heterogeneity, although heterogeneity cannot be excluded with a nonsignificant result.
Sensitivity analysis, subgroup analysis for the different drugs, and assessment methods was performed to examine methodological variations among studies. Both random and fixed effect model were used to arrive at conclusions. RevMan, version 5.2 (Cochrane Information Management System), was used for analysis.
RESULTS
Description of Included Studies
Reviewers scanned articles to ensure the presence of outcome data, including either pre-and postsurgical UPDRS II and III motor scores or freezing of gait (FoG) questioner. 20 Letters to editors 21, 22 and studies that only reported effects of PPN DBS on cognition and/or sleep [23] [24] [25] [26] were not included. Twenty-three observational studies fulfilled the criteria for the initial review. Of these 23 studies, nine [27] [28] [29] [30] [31] [32] [33] [34] [35] were excluded because the population samples were the same or a subset of earlier studies already included in the analysis. [36] [37] [38] One study that investigated role of PPN DBS on sleep modulation 39 was excluded because it reported only total UPRDS III motor scores and not itemized gate scores in five patients; moreover, four of these patients were included in another report that was included in our analysis. 29 One study that investigated effect of PPN DBS on cortical metabolism was excluded because it lacked baseline (presurgical) data. 40 Two case reports were excluded because they only reported total UPDRS-III scores, and we were unable to acquire individual gait scores. 41, 42 The previously mentioned screening yielded the total of ten articles. Figure 1 summarizes the search process. Among the included studies, only three [43] [44] [45] reported had their clinical raters blinded to a stimulation and medication status, one study's clinical raters were not blinded, 46 and the rest of the studies did not mention or report this issue. It is also noteworthy that all the included studies were nonrandomized.
For the Wilcox case report, 47 scores of gait and fall questionnaire preoperatively and 60 weeks after implantation was used to measure the primary outcome. For the Ferraye study, 43 primary outcome was measured by combined scores of falls (UPDRS II item 13), freezing (UPDRS II item 14), gait (UPDRS II item 15 and UPDRS III item30), and postural stability (UPDRS III item 29), before and 1 year after surgery. The study by Thevatasan 2010 46 was included in OFF-medication analysis only. For Ostrem 2010, 45 the primary outcome was measured by combined UPDRS-III items 27 through 30 and UPDRS-II items 13 through 15 for OFF medication and on/off PPN stimulation in a blinded evaluation 6 months postsurgery. (The data reported at 12 months postsurgery were not blinded, so we chose to include the 6-month evaluation in the analysis.)
Effect of PPN DBS on Postural Instability
The pooled mean difference (MD) effect size was calculated by pooled intervention-specific standard deviations for each study/stratum. In all included studies, UPDRS items 27 through 30 were used to measure gait and instability. Studies that did not report separate UPDRS III items 27 through 30 were not included in this analysis. Subjects were compared at each state (ON or OFF medication) for each stimulation condition (on vs off) at the end of the follow up periods for each study.
Forty-four participants with both idiopathic PD and progressive supranuclear palsy were included from five studies, [48] [49] [50] [51] [52] for which data were available for the ON-medication subgroup of UPDRS III items 27 through 30. This analysis showed significant improvement in favor of PPN DBS with an MD of −0.94 (95% confidence interval [CI] of −1.65 to −0.22) and overall effect p value of 0.001 (Z = 2.55) with DerSimonian and Laird method for a random-effects model and similarly for a fixed-effects model (Z = 2.55; p = 0.001). Test of variation, or heterogeneity, among the intervention effects indicates a homogenous data with chi 2 = 3.48 (p = 0.48) and I 2 test for inconsistency of 0% (Figure 2A) .
A funnel plot for these studies indicates that studies showing greater improvement in UPDRS III item 27 through 30 scores after PPN-DBS tend to have slightly larger standard error of MDs. Visual inspection of the funnel plot shows no study with negative results and high standard error (lower right side of the plot), suggesting that no study has been published with a small sample size and negative results, possibly because of a publication bias against negative results. However, firm conclusions cannot be made because of the small number studies included and the low power for analysis of asymmetry in the funnel plot ( Figure 2C) .
However, excluding progressive supranuclear palsy cases and including idiopathic PD cases in analysis did not show a significant difference for 17 patients that were included from four studies. [48] [49] [50] [51] [52] From five studies (44 subjects) [48] [49] [50] [51] [52] in the OFF-medication subgroup of UPDRS III items 27 through 30, a random-effects model with DerSimonian and Laird methods showed an MD of Figure 2B ).
Effect of PPN-DBS in Motor Symptoms
UPDRS III was used in nine studies OFF medication (69 subjects) and in eight studies ON medication (57 subjects) as the primary outcome of measure. Subjects were compared at each state (ON or OFF medication) for each stimulation condition (on vs off) at the end of the follow-up periods for each study. with some studies 50, 51 showing exceedingly better results than the rest and no study showing results in favor of off stimulation condition ( Figure 3C ).
Effect of PPN-DBS on FoG
FoG has been measured in five studies (16 patients) [43] [44] [45] 47, 52 using UPDRS II item 14 or a specific FoG questionnaire in one study. 47 Standard mean difference with both fixed-and random-effects models (−0.43 [95% CI −1.24 to 0.39]) showed no significant improvement in FoG in on-versus off-stimulation conditions.
Testing the Robustness of the Results
Quality of studies included in this meta-analysis was assessed separately by authors BE and LG using an appraisal toolkit. The average score for quality of each study is shown in Table 1 . Sensitivity analysis of the UPDRS III and II also indicates that results are not influenced by one study. Separate analysis for each technical factor such as polarity, frequency of stimulation, gender, disease duration, and severity of PD in participants was not performed because of the small number of patients in each study and inconsistency among studies for stimulation paradigms.
DISCUSSION
The results in this study showed significant improvement in favor of PPN-DBS for treatment of PD motor symptoms and gait; however, these results should be generalized with caution. Reduction in motor symptoms was clinically significant, with a roughly 7-point reduction in the ON-medication and 14-point reduction (25% improvement) in the OFF-medication states by PPN-DBS on the UPDRS III (maximum score, 56) scale. This meta-analysis did not show significant improvement in FoG measured by UPDRS II. In terms of safety, only one of 57 patients in this study had nonfatal intraoperative bleeding. In comparison to other DBS targets, improvement in UPDRS motor scales was less significant. In a systematic review of bilateral STN DBS for PD, a 50% reduction in UPDRS was observed after 6 months of the simulation OFF medication. 53 Stimulation frequency used in included studies ranged between 15 and 60 Hz (Table 1) . These frequencies are significantly lower than high-frequency stimulation in used when targeting STN or internal globus pallidus. This low-frequency stimulation of PPN-DBS is consistent with both experimental and modeling studies of corticostriatal pathways and has shown to be more effective than high-frequency stimulation of PPN-DBS.
54-56
Study Limitations
Findings of this meta-analysis are limited by the heterogeneity among the included studies, such as lack of sham stimulation in all included studies and various types and frequencies of stimulation used in each stimulation paradigm in different studies. These factors are summarized in Table 1 . Surgical targets were also variable among studies. In four studies, 43, 45, 51, 52 bilateral PPN was targeted, a mixture of patients with unilateral and bilateral stimulation of PPN in two studies. 46, 50 and the rest had unilateral PPN stimulations. A few studies included more than two brain regions (STN and PPN) for their stimulations 43, 51 ; in those cases, PPN data were considered when STN stimulation was off. The small sample size in the majority of included studies and overall small pool size means that making generalizations of our findings limited; although the majority of patients included in our study showed some improvement in their clinical performance in term of gait instability, tailoring treatment to certain age, gender, or class of PD is not possible with the current state of the literature.
The study design in all included studies except one was a crossover design. Each patient's changes in motor and gait were assessed on and off stimulations. This design allows each participant to act as his or her own control and reduces variation among participants. However, it is hard to assess the risk of carryover effect because of a possibility of inadequate washout period between on and off stimulation conditions; this design can also make subjects prone to unblinding because of beneficial or adverse effects or real therapeutic stimulation. In addition to these factors, there was the potential risk of cross-contamination with overlapping subjects recruited in a study from the same group; it is impossible to account for every single patient; therefore, the overall number of patients might be smaller than the numbers reported in this study.
Our findings did not show any significant difference in FoG among on versus off stimulation groups; this could be secondary to a lack of sensitivity of UPDRS to detect changes in FoG. Although UPDRS has been widely used to assess treatment responses in PD, using subsections of this tool to assess gait instability or FoG have not been studied separately. It is not clear if these items (for example, items 27-30 for gait or item 14 for FoG) have enough clinically relevant sensitivity or specificity for detection of these abnormalities.
We only analyzed published data, but did not search unindexed or unpublished data, academic theses, or conference abstracts. All analysis of published data is subject to the possibility of publication bias for favorable results. We imposed no language limitation in our search; nevertheless, all the included studies were in English.
CONCLUSIONS
The included studies in this meta-analysis were nonrandomized and heterogeneous, both in their methodology and in patient selection. In this meta-analysis, despite corrections for statistical heterogeneity, PPN-DBS failed to show clinically significant improvement in FoG in the included patients. Based on the findings of this study, PPN-DBS is not recommended for the treatment of gait instability and FoG in patients with idiopathic parkinsonism. PPN-DBS showed significant improvement in the motor symptoms of parkinsonism in the included patients. The improvement of motor symptoms using PPN-DBS should be measured further. Because no comparison was made between PPN and other brain stimulation targets in this meta-analysis, no clear conclusion can be made regarding the efficacy of PPN-DBS compared with other brain stimulation targets. Moreover, because of the heterogeneity and inconsistencies in measurements and patient selections in this study, no conclusion can be made regarding the degree of improvement in motor symptoms. Comparative studies between PPN-DBS and other DBS targets may improve our understanding of this stimulation target.
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